Abstract: Climate change effects on biodiversity are being documented now frequently in the form of changes in phenology and distributional shifts. However, the form that these effects will take over a longer timespan is unclear; for this understanding, a quantitative, validated, predictive approach is key. Here, we use ecological niche modeling and general circulation model outputs to estimate future potential geographic distributions of 111 Canadian butterfly species. We develop future estimates under two emission scenarios from each of two climate change modeling centers; future projections for biodiversity are not only scenario dependent (more severe emission scenarios produce more severe effects on species' distributions) but also model dependent (the Canadian Centre for Climate Modelling and Analysis results were more severe than the Hadley Centre results). One interesting feature is the appearance of disjunctions in species' distributions, hence creating "vicariant events" over very short time periods. In general, however, a cost of 1%-3% additional loss of species' distributions is associated with more severe scenarios of emissions and climate change, suggesting that subtle biodiversity consequences are associated with the different climate futures debated in political circles.
Introduction
Climates worldwide have seen dramatic changes over the past several decades, including a broad overall warming trend as well as local and regional rearrangements and shifts in other aspects of climate (Karl et al. 1996; Magnuson 2001) . These changes have already resulted in numerous effects on species' distributions and phenology (Parmesan 1996; Visser et al. 1998; Parmesan et al. 1999; Inouye et al. 2000; Walther et al. 2002) , with general trends towards earlier spring activity, poleward colonization, and equator-side extinctions in species' distributions (Parmesan and Yohe 2003) . Such climate change implications for biodiversity lead to obvious concern regarding effects on conservation status of many species (Peters and Darling 1985; Dobson et al. 1989; Myers 1991-1992; Chapin et al. 2000) .
Anticipating climate change effects on biodiversity based on shifts already manifest, however, have the potential to fail in anticipating further effects in a changing climate. That is, how can we avoid "closing the barn door after the horse has gotten out" if we "anticipate" phenomena only once they have been observed? Thus, this situation calls for approaches that have greater anticipatory potential, whereby extrapolation and prediction based on quantitatively validated models become key steps.
Great effort has been invested in modeling challenges aimed at anticipating both the physical effects of climate change and the biological implications of those effects. At the foundation of such efforts have been global models (general circulation models or GCMs) of future climates based on scenarios of future atmospheric composition (Flato et al. 1999; Pope et al. 2002) , which have resulted in an integrated present and future climate data archive (Intergovernmental Panel on Climate Change 2001). Numerous studies have focused on the challenge of translating climate shifts into shifts in biomes and ecosystems (Emanuel et al. 1985; Prentice and Webb 1989; King and Leemans 1990; Prentice et al. 1992; Foley et al. 1996; Haxeltine and Prentice 1996; Melillo et al. 1996; Prentice and Webb 1998; Tian et al. 1998 Tian et al. , 1999 ). Yet another series of analyses has focused on anticipating climate change effects on geographic distributions of individual species via ecological niche modeling (Carey and Brown 1994; Huntley et al. 1995; Kadmon and Heller 1998; Price 2000; Rutherford et al. 2000; Peterson et al. 2001 Bakkenes et al. 2002; Erasmus et al. 2002; Peterson 2003; Siqueira and Peterson 2003) . This latter approach is based on models of species' coarse-scale ecological niches, as known occurrence points of species are related to climate and other landscape features to produce a model of appropriate conditions for populations of the species; this ecological niche model can then be projected onto presentday climates to predict current distributional areas or onto modeled future climates to predict future potential distributional areas .
This study presents predictions of climate change effects on the Canadian butterfly fauna. Butterflies in general represent an ideal group on which to focus regarding climate change effects, because their taxonomy is well understood, distributional information is relatively abundant and precise, and at the same time the species often have relatively small distributional areas and high sensitivity to climatic factors, making them sensitive to climate considerations. Although this fauna (and in fact the same data set) has been the subject of a previous quantitative geographic analysis (Kerr 2001) , detail achieved in viewing species-richness patterns in that previous study was not great, and no direct assessment of climate change effects was made. Hence, we focus, for the first time, on comparisons of the relative implications of different scenarios and climate modeling efforts for species' distributions, comparing in detail two scenarios (conservative and liberal scenarios regarding greenhouse gases in the atmosphere) from each of two climate change modeling centers (Flato et al. 1999; Pope et al. 2002) . These comparisons help to illustrate (i) the degree to which climate change projections for species' distributions are scenario dependent, (ii) the degree to which different modeling centers' results produce different future projections for species, and (iii) the biodiversity consequences of different greenhouse gas emissions scenarios.
Methods
The general approach to ecological niche modeling of climate change effects on biodiversity used herein is described in detail elsewhere as are details of the algorithm used for modeling species' ecological niches (see detailed description below) (Stockwell and Noble 1992; Stockwell 1999; Stockwell and Peters 1999) . Previous tests of the predictive ability of this modeling technique for diverse biodiversity phenomena in various regions have been published elsewhere (Peterson and Cohoon 1999; Peterson 2001; Peterson and Vieglais 2001; Peterson et al. 2002a Peterson et al. , 2002c Peterson et al. , 2002d Stockwell and Peterson 2002a, 2002b; Anderson et al. 2003) .
We obtained distributional data for all 297 butterfly species occurring in Canada from data sets assembled by P.W. Hall and colleagues. The data set includes specimen records of 297 Canadian butterfly species from 40 Canadian natural history collections dating back to the middle 1800s and totals about 300 000 records, each of which was verified and georeferenced by a knowledgeable lepidopterist. To avoid sample-size problems in development of models for species' geographic distributions , we analyzed only the 111 species for which ≥30 unique occurrence records were available (median number of unique occurrence records in the overall data set was 156). A total of 18 403 unique latitude-longitude × species combinations were available for the target species.
Geographic information sytem data sets summarizing different ecological dimensions included 10 map layers summarizing aspects of topography (slope, aspect, flow direction, flow accumulation, and a measure of upward curvature and tendency to pool water; all of the data products available from the US Geological Survey 2000) and aspects of climate including precipitation, maximum, minimum, and mean temperatures, and solar radiation (annual means, 1961-1990 ; from the Intergovernmental Panel on Climate Change 2003). Climate dimensions analyzed included all annual mean characteristics for which both present and modeled future scenarios were available. The region analyzed extended 100-200 km south of the United States -Canada border to avoid any edge effects on model development.
We used GCM results from the Hadley (Pope et al. 2002) and Canadian (Flato et al. 1999 ) climate change modeling centers as the basis for our future climate projections. At difference from our previous analyses , however, we incorporated the "next generation" of climate change modeling results (HadCM3 and CGCM1, respectively). From each climate change modeling center, we assessed the same two scenarios: one conservative and one less conservative view of how climates could change over the next 50 years using the B2 and A2 emissions scenarios (Nakicenovic and Swart 2000) , respectively. These scenarios are based on a 30-year average around 2055 (2040-2069) , so our models do not take into account the potential effects of increased climate variability (El Niño events in particular) on species' distributions.
The two climate modeling centers present distinct implementations of simulations of climates under the same sets of assumptions regarding emissions of the so-called greenhouse gases and so may differ in their predictions. The different scenarions, however, depend on different future atmospheric compositions resulting from different assumptions regarding world development. The A2 scenario is described as "a very heterogeneous world. The underlying theme is that of strengthening regional cultural identities, with an emphasis on family values and local traditions, high population growth, and less concern for rapid economic development." This scenario, as implemented by various climate modeling centers, yields global increases in temperatures predicted for 2100 of 3.0-5.2°C. The B2 scenario, on the other hand, is described as "a world in which the emphasis is on local solutions to economic, social, and environmental sustainability. It is again a heterogeneous world with less rapid, and more diverse technological change but a strong emphasis on community initiative and social innovation to find local, rather than global solutions." This scenario results in a range of 2.1-3.9°C increases predicted by the simulations of the various climate modeling centers.
As GCM data are provided at crude spatial resolutions (Hadley, 2.5°× 3.75°; Canadian, 3.75°× 3.75°), we downscaled them by extracting expected changes in each dimension under each scenario and applying the expected positive or negative changes to the finer scale (0.5°× 0.5°resolution) Intergovernmental Panel on Climate Change current climate data layers; this resolution represents the finest downscaling possible using this approach (i.e., without development of a regional climate model) and meshes well with the sometimes less than precise georeferencing of the butterfly occurrence data.
The ecological niche of a species can be defined as the conjunction of ecological conditions within which it is able to maintain populations without immigration (Grinnell 1917) ; as such, it is defined in multidimensional ecologicalenvironmental space. At difference from later conceptualizations of the niche (MacArthur 1972) , this niche concept provides a clear geographic focus, essential to the approach used herein. Several approaches have been used to approximate species' ecological niches (Austin et al. 1990; Walker and Cocks 1991; Carpenter et al. 1993) ; of these, a very robust option is the genetic algorithm for rule-set prediction (GARP), which includes several inferential approaches in an iterative machine-learning approach (Stockwell and Peters 1999) . A recently developed flexible and user-friendly user interface is now available for download (Scachetti-Pereira 2002) .
Available occurrence points are divided into data sets for model building (25% for model training and 25% for intrinsic testing and tuning of models) and extrinsic test data sets (50%). GARP is designed to work based on presence-only data; absences are included in the modeling exercise via sampling of points from the set of pixels where the species has not been detected. This set of "pseudoabsence" points usually includes some actual presences (unsampled) but is useful, as its prior probability of presence is decidedly below unity. GARP works in an iterative process of rule selection, evaluation, testing, and incorporation or rejection: first, a method is chosen from a set of possibilities (e.g., logistic regression, bioclimatic rules) and then is applied to the training data and a rule developed; rules may evolve by a number of means (e.g., truncation, point changes, crossing-over among rules) to maximize predictivity. Predictive accuracy is then evaluated based on 1250 points resampled from the test data and 1250 points sampled randomly from the study region as a whole. The change in predictive accuracy from one iteration to the next is used to evaluate whether a particular rule should be incorporated into the model, and the algorithm runs either 1000 iterations or until convergence.
Projection of GARP models onto present landscapes provides an estimate of present-day geographic distribution of suitable conditions and allows tests of model predictivity. In general, the extrinsic test data are overlaid and observed correct predictions are tallied. Expected correct values if model and test points are randomly associated were calculated as the proportional area in the study area predicted present × number of extrinsic test data points. A χ 2 approach (1 df) is used to test the significance of the departure from random expectations. Because species' distributions are limited by combined effects of ecological and historical factors (e.g., barriers to dispersal) (MacArthur 1972), we inspected present-day predictions for each species to detect areas of overprediction; as these overpredictions turned out to be rare (~3% of species), we made no correction to reduce predicted areas. Given the best-subsets approach, which filtered out models that omitted heavily, areas of underprediction of species' distributions were perforce rare.
Ecological niche models developed with GARP can be projected onto both current and modeled future landscapes. GARP models consist of an ordered series of if-then statements that predict either presence or absence; these statements can be applied to the transformed landscapes to identify areas of potential distribution for a species after the modeled sequences of environmental change (e.g., GCM results). We synthesized the prechange and four postchange maps (liberal and conservative scenarios for two modeling centers) for each species by measuring potential distributional area under an explicit assumption of no dispersal ability. Although suites of assumptions were considered in past applications , we assumed that most butterfly species in Canada would be limited either by their own capacities for dispersal or by the dispersal capacities of their habitats (e.g., a particular forest type) or food plants. Hence, we used only the "no dispersal" assumption of past applications (i.e., species are unable to disperse and would inhabit only those portions of present distributional areas that remain habitable) ; however, this assumption is clearly not universally tenable (Parmesan et al. 1999) . Operationally, modeled present distributions were reduced to those areas predicted to be habitable post change. Overall, these analyses assume no evolution in niche characteristics ) and do not take into account shifts in interactions among species such as competition, predation, etc.
Results
We first assessed the predictive ability of ecological niche models for each species in the present based on the half of the occurrence points that was set aside prior to model building. Models for all 111 species were highly statistically significant, with the vast majority significantly predictive above and beyond random expectations (P < 0.05 for 99.8% of models, P < 10 -5 for 96.8% of models). Moreover, the area predicted present in models was not related to numbers of occurrence points available for analysis (R 2 = 0.07, P > 0.05).
Projection of present-day ecological niche models to future climates revealed relatively subtle implications for species' distributions (e.g., Fig. 1 ). In general, species' distributions were projected to retract somewhat along the southern fringe, except in montane regions, such as the Rocky Mountains. (Frequently, areas to the north of present distributional areas were predicted to become habitable for species, but these effects were not considered further given our assumption of zero dispersal.) Across all 111 species analyzed, no dependence of severity of climate change effects (percentage of distributional area lost) on present distributional area was observed (four climate change scenarios averaged; R 2 = 0.02, P > 0.05). In general, comparing species-richness patterns at present and in the future, a general northward shift is evident in butterfly distributions in Canada (Fig. 2) ; intriguing is the apparent reduction of diversity in the Toronto region, which is either a consequence of genuine species loss or could represent an artifact of not having included in this study species not presently occurring in Canada.
Comparing predicted effects on species' potential distributional areas among climate change scenarios and modeling centers revealed consistent differences (Fig. 3) . CGCM1-A2 and CGCM1-B2 were, in general, more severe in their predictions of consequences for species' geographic distributions, with more species entering in the range of only 60%-80% of distributional areas retained. HadCM3-A2 and HadCM3-B2, on the other hand, were generally less severe, with most species retaining ≥80% of their distributional areas (comparing average of two CGCM1 scenarios with average of two HadCM3 scenarios; paired t test, t [110] = 8.43, two-tailed P < 10 -12 ). Comparisons between the A2 and B2 scenarios (average of two A2 scenarios versus average of two B2 scenarios; paired t test, t [110] = 12.41, two-tailed P < 10 -21 ) indicated that the A2 scenarios are more drastic for species' distributions.
Discussion
The analyses developed herein achieve much-improved spatial resolution in viewing current patterns of species richness than past studies (Kerr 2001 ) based on the same fauna and same data set. This improvement is possible via our relating relatively precise occurrence points to underlying patterns of variation in ecological parameters in the development of species-specific ecological niche models. Such models, and their projections back onto geography, make possible broad summary of biodiversity patterns without the loss of information that is inevitable when data are aggregated to cruder spatial scales (Stockwell and Peterson 2002a) .
Projection of species' ecological needs to future climate scenarios provides a first view of the likely effects of climate change on species' geographic potential. In general, loss of distributional area is relatively subtle, with an average of 87.1%-93.3% of present distributional areas retained, depending on the particular scenario. The two species predicted to be most severely affected, Feniseca tarquinius (Fabricius, 1793) and Boloria polaris (Boisduval, 1828) , are predicted to lose only 29% of their present distributional areas. In this respect, biodiversity implications of global climate change for Canada resemble those from Mexico ) and the Rocky Mountains much more than those from the Great Plains of the central United States (Peterson 2003) or the cerrado of Brazil (Siqueira and Peterson 2003) . This result seems a bit odd, given the contiguous nature of the Great Plains with much of Canada and the general similarities of environment and land use patterns; a clear result, however, is that much more comparative work is necessary for generalization.
A very interesting phenomenon that was observed in some future predictions is a tendency towards production of vicariant events. For example, Oeneis polixenes (Fabr., 1775) presently is predicted to occur across central Canada, including the area immediately south of the southern tip of Hudson Bay; under future climates, however, its northward shift is sufficient enough that the populations east and west of Hudson Bay are predicted to be isolated from one another (Fig. 4) . Another example is F. tarquinius, which is predicted to develop a disjunction in western Canada. These examples suggest that another effect of global climate change on biodiversity may be the creation of new barriers, effectively creating vicariant events.
Our results also serve to identify complexities of using ecological niche modeling to predict climate change effects on biodiversity. First, two major climate modeling centers produce GCMs that yield predictions which differ from one another; the Canadian climate change modeling group's projections are considerably more severe in their effects on species' distributions than are those of the Hadley Centre even when considered under the same emissions scenarios (87.10% versus 92.02% of distribution retained for A2 and 90.46% versus 93.29% of distribution retained for B2 in CGCM1 and HadCM3, respectively). In this sense, projections of biodiversity phenomena to future climates should at a minimum consider the implications of a variety of GCM predictions rather than basing conclusions on just one.
Finally, as expected, the two future climate scenarios (A2 and B2) considered for each climate modeling center also differed in their implications for biodiversity phenomena. A2 scenarios had somewhat more serious implications for species' distributional reductions than B2 scenarios. These two scenarios map directly onto scenarios of world socioeconomic future and future emissions of greenhouse gases (Nakicenovic and Swart 2000) , so the difference (1.27%-3.36%) in amount of present distribution retained (for Canadian butterflies) can be associated directly with differences in emissions and lifestyles. These additional losses of distributional area are the biodiversity consequences predicted if the future proves more similar to the drastic, rather than the conservative, scenario of climate change.
Several complications, however, should be kept in mind. First, for practical reasons of need for sufficient occurrences to train models, we focus on species of relatively broad distribution; these species may prove to be those that are most able to respond to changing conditions. Moreover, the biological reality of these climate change projections for Canadian butterfly species is complicated by the ability or inability to predict accurately the dispersal and butterfly usage, under the influence of climate change, of larval food plants. Several butterfly species are closely associated with their butterfly larval food plants. These plants, many of which are highly localized to specific climate, soil, associated vegetation, and other conditions, may not be able to migrate with the dispersing butterfly populations. These interaction effects are particularly important for those butterfly species with a single larval food plant. On the other hand, some butterfly species in known historical dispersal events have been able to transfer to related, but previously unrecorded, food plants. Many more butterfly species, however, are tightly tied to specific habitat types, and thus, will require coordinated movement of climatic conditions and vegetation to be able to track conditions spatially. Although some recent studies have documented nonzero dispersal abilities in butterflies (e.g., Parmesan 1996; Parmesan et al. 1999) , the above considerations suggest that dispersal may not always be sufficient to permit tracking of appropriate conditions; detailed comparisons and analyses of effects of dispersal scenarios, and their interactions with climate change effects, would be a fruitful avenue for future investigation.
